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sistent with the 3675°K average temperature measured at S00
km at Millstone Hill (= 85%) for the nights of December 21-22
and 28-29, 1970 [Eeany and Holt, 1976), considering that those
two periods were a vear closer to solar maximum and thai
magnetic conditions was characterized by Kp = 2,

In the lower half of Table 3, plasma scale heights at 900 km
from the four representative latitudes in Figure 7 show a
steady decrease with increasing latitude. Our estimate of the
thermal and mean 10on mass behavior associated with this
pattern assumes (1) the same vertical temperature gradient at
S2° as was found by Ecans and Holt [1976] at Millstone Hill,
(2) the fautudinal temperature gradient at 200- 1000 km found
by Miller [1970] and Titheridge [1976] for latitudes equa-
torward of the trough mimimum, and (3 a purely O high-
latitude domain, The resultant mean 1on masses gne a H O
transition height below 900 km at 45° and shghtly above 900
km at 52°. The denved temperatures peak in the trough min-
imum, the lowest overall value occurring at the latitude of the
auroral peak (67.5%),

The H' O transition heights of 800-1000 km at nud-lati-
tudes which may be mferred from Table 3 agree with those
reported for winter mights by Litheridge [1976] and Davies et
al [1976). The rapid mcrease in transiton heght found at
higher lattudes, which we iterpreted as the most obvious /
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region signature of the plasmapause, occurs over the §99-63¢
latitude range. This domain falls well within the trough min-
imum at F region heights. The northern terminus of the transi-
tion height change, identified as the high-latitude terminus of
the relative density dechine in Figure 6, correlates well with the
statstucal position of the plasmapause as given by pont 6
[Chappell et al., 1970] 1n Figure 4. The actual level of the
transition height beyond the poleward wall seems to be well
above 1000 km in contrast to the value ( 900 km) found by
Litheridge [1976] for slightly more active conditions (Kp
1.5)

In summary, the overall pattern tor the baselevel trough
thus seems to be one of the H' O transition heght increase
beginming a few degrees equatorward of the £ shell associated
with the magnetospheric plasmapause. The change in trans
ton height and the plasma temperature peak both occur
within the trough mimimum

A recent study by Grebowsky et al [1976) examined the
trough plasmapause relationship on a case-by -case basis using
Isis 2 topside data at 1400 km and Explorer 45 plasmapause
detections near the equator for nearly the same winter mid-
might period described here. Of the 20 cases they examined,
two events showed the field hine of the equatornial plasmapause
definitely at the mimmum of the trough, two had the plasma-
pause poleward of the trough minimum, and 16 cases showed
a tendency for the plasmapause field hine to he on the sloping
low-latitude side of the N, trough at 1400 km. These results
would, at first, appear o contradict past statistical studies
[Ryvcrott and Burnell, 1970, Rycroft and Thomas, 1970] which
place the plasmapause L value in the trough mimimum. How-
ever, the statsucal pattern for the alutude dependence of
trough features dernved in the present study (see Figure 4)
shows that the “trough mummum® at 1400 km s actually -
distinguishable from the “equatorward edge’ of the trough
Thus the £ value detining the center of the trough mimimum in
the muddle & region (A SO0 kmy antersects a much steeper
latitudimal gradient at 1400 k. The conclusion of Grebowsky
et al, namely, that “the sloping low latitude side of the trough
tended to straddle the plasmapause field hine” s thus m
strikingly good agreement with the statistical patterns given in
Figures 4, 6, and 7. which show that the plasmapause (detined
by the northern terminus of the H' O transition heght
change) falls within the mumimum ot the & region trough
[Brace et al . 1974 Maier et al, 1975]

Formation of the trough  The features of
trough described in previous sectnions suggest that the trough s

the baselevel

TABLE 3 Representative Scale Heght Parameters
Mid-Lattudes Fgquatorward Edge  Trough Mummum Auroral Peak
Quantity 459 (52%) (607 (6789
Scale hewght H 148 169 [ER) 18
SO0 km. km
(e AL 204 2747 D) Mol
Scale hewght M at ool 08 (AL 47
900 km, km
(*7)°N 4000t 4787 [ERCRA (180K
m.,amu (6 0) [RIURE (TN 1oy

Vanaes i parentheses are derived quantities
*Here m 16

tUsing Muller's [19°0] and Licheridge's [1970] Latitude gradient at 100 km
tUsing Leanc and Holt's [1976] observed 1,
SAssumed mean wonic mass (see tevt)

1o aradient from SO0 (o 900 km
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more pronounced at lower F region heights. Schunk et al.
[1976] have suggested a mechanism whereby electrodynamic
drifts in O*, possibly of magnetospheric origin, cause en-
hanced £ region loss rates due to velocity-induced increases in
the O*/N, ion-atom interchange reaction. Such a process
would clearly lead to the trough's being formed more effi-
ciently at heights below the peak of the F region where the N,
concentrations are high. During the very quiet periods consid-
ered in this study, such convection-induced loss effects would
migrate toward the poles as long as magnetic quieting per-
sisted. An equatorward edge of the trough extending over a
relatively wide latitude range, as found at Ay, in Figure 4,
might well be the consequence of such a process.

For periods of increasing magnetic activity the shrinkage of
the plasmapause in the equatorial plane has been described by
Chappell {1972]. The ionospheric manifestation of this process
in the 1400-1800 LT sector would be the appearance of large
westward drifts and poleward convection [Evans, 1973, Men-
dillo, 1973; Mendillo and Klobuchar, 1975). Both effects would
tend to cause the shrinkage of the plasmapause to be simulta-
neously accompanied by the development of a steeper # region
trough at more equatorward latitudes as found by Tulunay and
Savers [1971) and Halcrow [1976). As magnetospheric fields
penetrate more efficiently to lower altitudes, the trough's equa-
torward edge and the magnetospheric plasmapause would
more nearly lie along the same L shell, in sharp contrast to
their lack of correspondence during quiet times. The tinding by
Halcrow [1976] that a well-defined trough exists at midmght
only if 1t has developed prior to 2030 LT lends support to the
drift-induced model for trough formation in the dusk sector

CONCLUSION

The baselevel trough, defined by its occurrence near local
midnight (2230-2400) during very quiet magnetospheric con-
ditions (Ap < 1+) in the middle of winter, 1s found to have the
following characteristics.

1. The trough can be identified frequently (88% of the
time) on latitudinal profiles of the topside electron density
distribution.

2. The center of the trough is located near 60° CGL, and t
has a width of ~10° (2 MH2) at h,,,..

3. The poleward wall of the trough is steeper than the
equatorward wall, their latitudinal extents being ~1§° and
~7°, respectively, at hya,. The poleward wallis found 1°-2°
fower in lativude than the statistical position of the equa-
torward edge of the diffuse aurora.

4. The trough gets distorted with increasing altitude, the
main effect being a more-or-less monotonie decrease of the
electron densities from mid-latitudes to the foot of the pole-
ward wall (~65° CGL).

S, The trough minimum s characterized by moderately
high plasma temperatures and decreasing h,,., values. The
latitudes occupied by the trough mimmum are marked by a
relatively rapid enhancement of the H' /O transition height,

6. The statistically determined ‘plasmapause,’ projected to
F region altitudes, hies within the trough minimum and coin-
cides with the high-latitude terminus of the transiion height
change
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CHAPTER 3

ELECTRON DENSITY ENHANCEMENTS IN THE F REGION
BENEATH THE MAGNETOSPHERIC CUSP
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Electron Density Enhancements in the £ Region
Beneath the Magnetospheric Cusp

C. C. CHACKO AND MICHAEL MENDILLO

Department of Astronomy. Boston University, Boston, Massachusetes 02218

Flectron density enhancements in the topside 1onosphere beneath the magnetospheric cusp are consis.

tenthy observed under an optimum set of geophysical conditons. Average results deduced from Isis 2

)

topside sounder data show that the cusp-related electron density enhancements maximize at ~77 8°
corrected geomagnetic Jatitude 1in mudwinter near focal noon during very quiet magnetosphernic condi-

tions. The magnitudes of the enhancements determined at nine topside heights range from a factor of ~2

h

Al ey 0~ 16 at 1400 km Enhancements as large as these require i situ production at the peak and
above, coupled to upward expansion due to the higher plasma temperatures found beneath the cusp The
observed large enhancements further indicate that the wonosphenic plasma resides beneath the cusp
precipitation long enough (at least a few tens of minutes) for substantial quantities of additional
waization to accumulate During disturbed periods and i seasons other than midwinter the cusp
signature in topside electron densities s, in general, much less well detined or altogether absent

INTRODUCTION

The entry of magnetosheath plasma into the high-latntude
inner magnetosphere through the dayvside polar cusps has re-
ceived considerable attention from a magnetosphenic per-
spective [HekAda and Winmungham, 971, Frank 1971, Reiff et
al . 1977 Related studies have been carned out by workers
concerned with the precipitation of soft (< 1 keV) magneto-
sheath electrons and protons into the dayvside wnosphere and
consequent auroral acuvity (HekKila er al |, 1972 Shephkerd et
al . 1976a) We present in this paper charactenstics of 1ono-
sphenie electron density enhancements, perhaps the most di-
rect effect of parucle preapitation into the atmosphere, ob-
served in the £ oregion directly beneath the magnetospheric
cusps [Ogutt and Marubashe, 1966, Titheridge, 1976, Whitteker,
1976)

Some of the recent studtes of cusp effects upon the ono-
sphere [Shepherd et al . 1976b, Whitteker, 1976] used simulta-
neous satelhte measurements  (particle fluxes and energy
spectra, electron densities, electron and ron temperatures, won
compositions, ete ) to make detatled comparnisons of the cause-
effect relationships between cusp preapitation and £ region
phenomena. While these investigations have provided a gen-
eral overview of cusp-related 1onospheric effects, the question
of whether cusp precipitation leaves a well-detined electron
density signature at Ay, has not vet been fully resolved. The
am of this paper is to investigate this question in detail, using
what we feel to be an optimum set of F region 1wonosonde
measurements for such a study. In doing this we discuss how
varous wavs of averaging satelhite data can modify the quan-
btanve descnption of a narrow and Jatitudimally varving fea-
ture. We also examine the alutude dependence of topside
clectron densities beneath the cusp, as well as estimates of
topside plasma temperature

Dara Bast

The wonospherie results reported here were derived from Isis
2 topside sounder data obtamed at northern latitudes during
December 1971 These data are well suited for studying the
purely cusp related electron density enhancements (called
CREDE hereafter for convenience) because they represent a
remarkebiy conaistent set of observations in terms of the

Copyright @ 1977 by the Amencan Geophysical Union

geophysical conditions sampled. All of the December 1971
passes used in this study occurred within 12 days of the sol-
stice, so that the results represent those for which solar pro-
duction effects at high latitudes would be at their annual
minimuim. Throughout the period the Isis 2 satelhte man-
taned a nearly noon-mudnight orbit (>~ 1230 h at 60° corrected
geomagnetic latitude (CGL), > 1400 h at 75° CGL), and thus
uncertainties about the azimuthal extent of the cusps [Win-
mngham, 1972; Tuheridge, 1976] need not enter into our con-
sideration. The topside soundings were made at a near-con-
stant height of 1400 km over the entire latitude range of
interest to us. A relatively rapid data acquisition rate (there
are, on the average, about 3 points per 2° latitude mnterval)
enabled us to denufy and characterize latitudinal gradients
that might otherwise remain undetected or poorly resolved
Nearly half the useful passes available duning the 12-day pe-
rod occurred when the planetary magnetic activity index Ap
indicated very quiet conditions (Ap < 10). The avatlabihty of
this narrowly defined data base has enabled us to dispense with
the customary need for averaging over large ranges of van-
ables (e solar flux, Tocal tme, season. and magnenic acthiv-
itV ). The averages reported here should therefore be quan-
ntatively more representative of noontime midwanter cusp-
mduced £ region effects dunng a quiet period.

MaGNEicarty Quirt Prrions

Frigures ta-1f show six las 2 passes recorded between De-
cember 9 and December 21, 1971 Electron densities obtained
from 1onograms generated by the topside sounder on board
the satellite are plotted as a function of CGL for the eight
topside heights A, 450, 850, 650, 750, 830, 950, and Ay,
(> 1400) km. The upper panel shows the vanation m by
tsell. Electron density values less than 10fF el em' are not
plotted. 1t should also be pointed out that the denved values of
Raas are generally considered to be less reliable than the V..
values obtained from estimates of ;. The universal tme and
tocal time listed for each pass correspond to those at 60° CG1,
and the Ap value is the one which prevatled during the -hour
penod that includes the UT quoted above Tt should be noted
that these six passes with Ap values 00,00, 11 1o and 1o
constitute the entirety  of midwinter noon-midmght las 2
passes offering adequate coverage at northern dayside high

Paper number TAQSKT 4757
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latitudes during very quiet (Ap + (o) magnetosphernic condi
tons in the December 1971 period

Al s of these passes occurred within the longitude span
IRT-INTE, where the corrected geomagnetic latitudes are ap-
proximatefy 8¢ jower than their corresponding geographic
latitudes. Thus at 77° CGL (the expected latitude of the cusp
durimg magnetically quiet penods), calculations for 829 geo
graphic latitude show that sunrise does not occur below a
height of 200 km dunng December solstice conditions. The
‘dayside’ high-latitude £ region beneath the cusp s, in this
case, as free of solar production effects as mught ever be
expected to occur in the northern hemisphere

An outstanding characterstic of these fautudinal electron
density profifes s the remarkable consistency of the features
observed At all heights there 18 a general tendency for the
latitudinal gradient in electron density (o be small up to about
60" CGL, where a more severe depletion begins. The electron
density reaches a mimimum at ~>74° CGL, poleward of which
the very steep wall of womzation appears that 18 1o be asso
aated with the magnetosheath particles which preapitate
through the cusps Thas overall density-versus-latitude pattern
has sometimes been called a dayside trough | Wildman et al |
1976] m analogy o the better known ‘high mud-latitude
(maimn) electron density trough’ that often appears on the
latitudinal profiles of electron density on winter mights

Figure [ also shows several aspects ot the altitude depen-
dence of the CREDE and assocated features Note, for ex-
ample, that the onset of the high-lautude enhancement 1n
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denstty occurs at the same latitude at all heights The min
mum which appears just equatorward of the CREDE be
comes narrower and deeper at higher heights, an effect which
1y most pronounced at the satellite height (see Figures la, 15,
te 1 and la, respectively Note that the coordimates in Figure
simifar gradients from 450 (o 950 ko, whie at 1400 km «
plateat occurs near 70° CGL (see Fagures la, Vb, 1d and 1N

Figure 2 (top, middle, and bottom) reproduces spectro
prams generated from data gathered by the soft particle spec
trometer carried by 1as 2 (Winmingham, 1972 These particle
measurements were made simultancousiy with the topade
soundings that fed to the clectron densities shown in bFipures
te, 17, and la, respectively Note that the coordinates in bigure
2 are Jog (electron energy) in electron volts and imvanant
latitude, A dilters from CGL by less than 4% (CGL bemng the
larger) at the latitudes of the CREDE depicted in bigure |
These spectrograms are reproduced here with the hmited pur
pose of pamnting out (1) the general comnaidence of particle
precipitation with the observed electron density enhancements
[ W hiteher, 1976 Shepherd ¢t al | 1976b] and (2) the kind of
particles responsible for the latter Representative electron
energies seen in the spectrograms are a few hundred electron
volts, and the fluxes are a few tmes 10° ¢cm? s sr The contnibu-
non o £ oregion wonization by the soft (< 1 keV) proton com
ponent i the precipitating plasma s not appreciable [ Shep-
herd et al . l"‘h,‘]

In addition 10 the siv lattudmally complete satellite passes
shown in Figure | othere were an addiional nine passes i
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Fig Y Blectron spectrograms derived from data obtained by the soft particle spectrometer aboard sis 2 The hipher

Tva

funes around mvanant latitude indicate precipitating

cusp electrons The particle measurements shown n the top.

middle. and bottom spectrograms were obtamed ‘simultaneously” with the electron density values shown i bigures 13017,

and la, respectively
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December 1971 for which Kp was <1+ but for which the
latitude coverage was incomplete. In each case, however, a
clear identification of the onset latitude of cusp-related elec-
tron density enhancements could be made. Using this prom-
inent feature, we shifted all 15 passes such that the CREDE
onset latitudes were aligned at their average latitude of 75.5°
CGL. The data were then averaged by using §° latitude in-
crements. The results, given in Figure 3, describe the average
N,(h) versus latitude profiles for winter noontime low-Kp con-
ditions across the high-latitude region beneath the cusp.

The average results of Figure 3 preserve all of the character-
istic features of the individual passes shown in Figure 1, in
particular, the altitude dependence of the electron densities in
the varnious latitude segments. The average behavior of by,
across this regiron is given in the top panel of Figure 3. One can
see that a nearly constant value of 245 km extends from mid-
latitudes to approximately S8° CGL. The relatively sharp de-
chne of N, tn the 58°-68° CGL range 1s accompanied by
increasing Ay, values to approximately 300 km at 68° and
beyond

In spite of the rigidly consistent data base used to obtan
Figure 3 there is a certain amount of ‘averaging out’ of deta
seen in the individual passes. Of particular concern is the
magmtude of the CREDE as seen in the average versus the
individual case. While the 15 passes employed all fell within
the Ap 0o to I+ range, a truly narrow range by most
statistical studies, a simple averaging of this low-Ap set vielded
average enhancements that are considerably lower than those
presented in Figure 3 The aligned average techaique, em-
ploved with success for mghtside trough morphology [Pike,
1976, Mendillo and Chacko, 1977), noticeably improved the
situation 1t should be mentioned, however, that latutude shifts
of 0724 had 10 be used, indicating that even durning very quiet
ntervals the lattudinal positon of the CREDE 15 not con-
stant. Moreover, the lattude range over which the CREDE
oceurs s also vanable, and this too has an etfect upon any
procedure aimed at specifying the average magnitude of the
cusp-related electron density enhancements

N
N
-
A
~
N

Fig ¥ Lantudinal profifes of the average topside electron density
distribution at mine topside heights, obtamed by using the six passes
shown in Figure | plus mine incomplete fow-Ap (<1 +) passes in
December 1971 Averaging was done after shifting the mmma of all
S passes to a4 common mean position
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Fig. 4 The enhancement factor 7 = (Nyax = Nawn) Vo @8 a
function of alttude Ny, 18 the electron density at the peak of the
CREDE, and N, the density at its equatorward mimimum. The dot
shows the average ratio, and the cross the ratio of the average (see text
for details) The tniangle represents Titheridge's [1976] result

The magnitude of the N, enhancement occurring across the
cusp s strongly altitude dependent. We present in Figure 4 the
height dependence of an enhancement factor using both ‘the
feature as seen in the average’ and ‘the average of the feature.’
The quanuty plotted is the fractional efectron density enhance-
ment (Voax — Niin) Naw @t mine topside heights. The upper
curve (with the standard deviations indicated) is obtained by
determining the ratios for each low-Ap pass and then averag-
ing them. The lower curve shows the ratios calculated by using
the already averaged electron density values appearing in Fig-
ure 3. The triangle at 1000 km represents the average fractional
enhancement of 75% reported by Titheridge [1976] on the basis
of a statistical study that used a much wider range of the
relevant geophysical vanables. Note that the three sets of
mean results shown in Figure 4 represent a hierarchy of aver-
aging procedures and that the present results give quite signifi-
cant electron density enhancements at all topside heights in the
sonosphere beneath the cusp for the optimum set of geophys-
ical conditions specified earlier.

Figure § shows five representative vertical profiles of the
topside electron density distribution obtained by using the
average results of Figure 3 at §3.59 65.0°, 72.0°, 75.5°, and
77.5° CGL. Solar production, considerable at the lowest of
these latitudes, diminishes rapidly toward higher latitudes and
becomes virtually neghgible by 75.58° CGL. lonization pro-
duced by the precipitating magnetosheath paruicles is found 1o
maximize at 77.5° CGL. We have also made estimates of the
plasma temperature 7, + T, using these average profiles, and
Table 1 lists the results. The mean ionic mass of 16 that has
been adopted for this computation appears to be justified on
the basis of the shape of the profiles themselves as well as
recent studies that locate the H* O transttion height on the
dayside well over 1000 km [Tutheridge, 1976; Davies et al .,
1976).

It appears that the characteristic latitudinal profiles of the
clectron density distribution illustrated in Figures la-1/ and
represented in Figure 3 invariably occur only in the middle of
winter (when solar production at high latitudes 1s a minimum)
under very quiet magnetic conditions. Figures 6a and 64 and
Figures 6¢ and 6d show two sets of consecutive passes obtatned
on October 22, 1971, and March 14, 1973 Perhaps the most
striking deviation from Figure ) that the passes in Figure 6
exhibit 1s the almost constantly high electron densities that
persist even at 75° CGL (and bevond). For example, while all
six passes of Figure 1 reach a minimum of ~ [0* el ¢m® at 78°
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Paie 5 Averape topside vertical efectron density profides tor S18°,
6507 7207 IS8 and 7T ST CGL L obtned from the results pre
sented i Fgure 8

CGL at hgay, the average N, value at 787 CGLan Figure 6as
Voo 100 el em?, o number more moaccord with the N, values
beneath the cusp i Figure 1 Thus it would appear that the
state of the background wonosphere may play a enitical role i
determming whether or not a well-detined CREDY develops
The true seasonal dependence of the CREDE remuins to be
deteraned

MAGNETICALEY Distorie o Prrions

The dayside fugh-tatitude topside electran density distriba-
tion duning magneucally disturbed periods exhibits consid-
erably more vartations than s quiet time counterpart. A few
indivadual passes serve tottustrate this point
Figures Ta- 77 give sixfsis 2 passes during moderately high
Ap (30 = Ap = So)periods between December 13 and Decem-
ber 18, 1970 The gh degree of consistency apparent in the
features of Figures Ta-1/1s not found here. With the exception
of Figure Ta the signature of cusp precipitation is much less
well detined, 1t s broader and appears at widely varving Lati-
tudes In the case of December 13 (Figure 7a) the CREDE s
quite narrow (=~ 1) and very imntense. Equatorward of the
enhancement, the fatitudinal gradient exhibits sotar zenith
angle effects similar to the midwinter period found in Figure |
Fxamination of the z component of the interplanetary mag-
netic field showed that B, changed from a southerly orenta-
tion toward the north between 2100 and 2300 UT [Aing, 1975].
Ground-based magnetograms also showed that the satellite
pass in Figure 7a occurred during the recovery of one of a
series of substorms during the day. These changes seem to in-
dicate that the cusp attained its present position after a recent
equatorward excursion [Burch, 1972 Yasuhara et al., 1973]

Figures 7h and 7¢ represent two consecutive passes on De-
cember 18 when the IME maintained a large prolonged north-
ward component and the Ap values were 3o and So, respee-
tively. Hi-detined N, enchancements appear at ~76° CGL on
the first pass and at ~78° CGL on the subsequent pass. Note
that these latitudes are about the same as the CREDE posi-
tons during low-Ap intervals

Figures 7d- 7/ represent three consecutive passes on Decem
ber 17 when a large magnetic storee wis in progress. 10
dificult to sdentify CREDE's on these passes (IME data or
lsis 2 soft particle spectrograms were not available for this
period ) The most outstanding feature on these three succes-
sive passes 18 an unusually sharp negative horizontal gradient
at ~67° CGL L 1tis seen that the feature persists for at least 226

7

min (the mterval between successive Isis passes s = 113 man)
without any appreciable  latitudinal  displacement The
gradient appears at all heights, and s magnitude (Table 2) s
one of the highest observed in the December 1971 Isis data set

DISCUSSION

On the dayside in the muiddle of winter during magnetically
quiet periods the latitudinal profile of the topside electron
density distribution behaves in a consistent, well-detined man
ner 1t decreases smoothly from =~ 60° to = 722 CGL reaches a
narrow mummum centered at =75 CGL, and nises sharply
again, giving tise 1o a column of wnmization centered at - 77 57
CGU o The nummmum deasity appears 1o reach a “hase level’
value of <100 el em® ot b Considerations of magneto
spheric topology, as well as direct observations of precipitating
particles, leave hittle doubt that the efectron density enhance
ments occur beneath the magnetosphene cusp through which
low-energy (- 1 keV) magnetosheath plasma finds access to
the 1onosphere

The encrpy specttum of these preapitating pastscles s well
documented [ Winmngham, 1972 Doermg et al . 1976] and
therefore cusp precipitation represents a relatively well defined
and basteally continuous source of charged particles This
provides an opportunity to investipate the physical processes
and morphological tfeatures assocrated with the interaction of
soft particles and the carth’s apper atmaosphere Several studies
with this objective have recently appeared [Shepherd et al |
1976a. b, Whitteher, 1976, Lithendge, 1976, Amudsen et al |
19771 Uncertatnties about the relatin e motion of the g ncto
spheric cusps and the ionosphene plasma are a serious obstacle
to establishing a one-to-one correspondence between the cusp
precipitation and its varnous wnospheric effects. Obsersatiors
and computations show that the honizontal transport of high
latitude 1wonospheric plasma involves a more or less azimuthal
motion and across-the-polar-cap convection {Jeftries et al |
1978, Heehs et al 1976, Anudsen, 1974, Anudsen et al | 1977]
The magnetospheric cusps themselves are known to migrate
equatorward in response to changes in the onentation of the
interplanctary magnete field (Burch, 19720 Yasuhara et al |
1973]. Furthermore, i the case of the electron density en
hancements, one has to allow for at feast a few tens of minutes
for measurable effects to appear i the topside ionosphere near
Nwax after the cusp preapitation s “switched on® [Anudsen et
al . 1977] (This implies that the particles ‘seen’ in the spectro

PABLE 1 Representative Scale Hewht Parameters
Corrected Geomagnetie | atitude
V‘\ “.. 14 \u Ty \n

Quantity AT oS0t

J00-km Hewght

Scale hewght 1, 130 141 158 [RR} 170
km
To b 15 PR ARRYS 2408 Yo »m IS0
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Scale hewpht . dod 31 191 181 M0
km
Te ¥ 15 °K 4071 1088 2046 2791\ 4104
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grams of Fygure 2 may not be related i detat to the electron
densities shown in the appropraate passes in Figure 1) Note,
however, that of one assumes steady state conditions (¢
AN, the producthion rate of ~ 100 ¢l em® s determined
Knudsen et al for preciprtating cusp electrons at the & laver
peak (=100 km) and a loss coefficient of 10 ¢ s [Rishbeth and
Garnott, 1969] give a density value of 10%¢l ¢m® The observed
Nvae Value of >3 100 el cm® indicates that while a statie
cquihibrium may not be achieved. the residence tume tor
plasma beneath the cusp [Amadsen et al , 1977] s sulliciently
long to allow appreciable electron density enhancements to
occur 1t should also be noted in this context that the recently
reported small-scale fuctuations i the latitude of the cusp
precipitation may account for the considerable amount of
latitudinal structure seen i the electron density values equa
torward of the CREDE [Sudes et al 1977

The average mtensity of the CREDE, determined tor guiret
midwinter conditions (= 200% at A, tising by more than an
order of magnitude at 1400 km), s several mes larger than
might be expected on the basis of previous statistical results
There s httle evidence for sigmicant enhancements near 77°
CGL om the average electron density values compiled by
Thomay et al [1966] and Chan and Colin [ 1969] using Alouette

L data. Titheridge [1976), also using Alonette data, found an
average enhancement at 1000 km of ~78% a value attnibut
able entirely to thermal expansion of the wnosphere. On the
aother hand, detailed examimations ot individual satellhite passes
{Hraiha et al 197V, Wingeker, 1976, Shephend et al . 1970h]
have shown enhanced topside electron densities near the cusp
location, although there were uncertamties about the occut
rence frequency of the enhancements and therr dependence on
wltitude and latitude

One of the persistent disadvantages with which statistical
studies 1 the past have had to contend s the need tor averag
g over large ranges of several varables (F 0 LT, season,
magnetic activity ). For example, in Fitherrdge's [ 1976] analvsis
of quiet time winter conditions, measurements spanmng a 3
month period around the December solstices of 196 1964
were used. The tocal times sampled were 09001600, A p being
i the Do Yo range The magmtude of the effect stands a
senions nish of bemg scaled down in the course of such an
averaging procedure 1t should be borne i nund that the
electron density enhancements we have reported pertaan o
optimum conditions under which the full effect of CREDE,
unencumbered by contamimation from solar production, s
observable (s also important to pot oot that the g
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TABLE 2 Lautudinal Gradients o Topside Electron Densities
Observed at 68° CGL on Three Consecutive High-Ap Passes on
December 17, 1971

AN dN el em? deg CGL

007 U1

Height, km 0900 U1 10SIL L
Ay (SR b (g 206 10 LSN
450 196~ 1Y 241 S 2400
S50 108 <100 142 187 % 100
650 602 x 10 N 68 N0 ARTURSTE
750 377 X 10¢ S 00~ 10 171 X 10
850 25T N0 LN TN (IS ID
9s0 188 <o DI N0 137 < 10
1400 140~ 08 10} o 340~ 10

tude of the observed enhancements near the & region peak
calls for bona tide in situ production. Heat conduction from
higher altitudes and consequent upward expansion of the wn-
osphere [Luheridge, 1976) probably contribute to the sull
larger enhancements found at higher altitudes

Temperatures (7, + 7, see Tuble 1) deduced from the scale
heights (K = k(I + 1) mg) of the average vertical electron
density profiles shown in Figure 6 (Table 1) are lower than
those found by Tutheridge [1976). Note, however, that the
latitudinal and vertical gradients in temperature are quite sim-
ilar to those reported in the above study. In particular, the
temperatures at the cusp latitudes (~77.53° CGL) are sub-
stantially higher, at all heights, than those just equatorward of
the cusp.

The main reason for the generally 1l detined nature of the
electron density enhancements observed during disturbed peri-
ods may be the refatively rapid equatorward migration ot the
cusps, 1.¢., the ionospheric plasma does not reside beneath the
cusp long enough (a few tens of minutes) for intense wonization
peaks to appear. If convection is enhanced during magnetic
activity, this effect s augmented. (Conversely, during pro-
longed quiet periods the cusp occupies its poleward extremum,
and large amounts of wnization build up.) At lower latitudes,
two additional sources may lend further complexity to the
Jlanitudinal electron density distnibution: solar ultraviolet radi-
ation and precipitating hard auroral parucles |Hartz and Brice,
1967], the latter having been injected on the mghtside in asso-
ciation with magnetospheric substorms and drifted azimuth-
ally to the dayside [DeForest and Mcllwain, \971; Berkey et al .,
1974).
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CHAPTER 4
THE EQUATORWARD EDGE OF THE DIFFUSE AURORA AND THE POLEWARD WALL
OF THE MAIN ELECTRON DENSITY TROUGH: CASE STUDY INVESTIGATIONS

We found ten 1S1S-2 passes in December 1971 for which DMSP
images were available in near simultaneity. Values of the
indices Kp and AE (hourly maximum) shown in Table 4.1 indicate
that passes during periods of relative magnetic quiet predominate
the set of available December 1971 case-study events [Mendillo
and Chacko, 1977] . The approximate UT at which the satellite
crossed the 65°N corrected geomagnetic latitude on the night side
is used to identify the pass. Note that the pairs of nominally
simultaneous passes range from one with AT = -8 minutes (i.e.,
ISIS-2 crossed 65°N CGL on the night side 8 minutes ahead of the
DMSP satellite) to one with AT = +40 minutes. For all ten cases,
the local time period sampled by both satellites was 2230 -0130
hours.

Table 4.1 shows the poleward wall of the trough always equa-
torward of the equatorward edge (latitude ¢a) of the diffuse
aurora as seen on the DMSP images. The mean separation between
the foot of the poleward wall and the auroral boundary is 8.7
while that between the peak of the wall and ¢a is 2.40, the
standard deviations being 23" wnd 3.1 respectively. In sum-
mary, Table 4.1 shows that the separation (A¢) between the
trough's poleward wall (@pw) and the equatorward edge of the

continuous aurora (¢a) as monitored by the DMSP technique is, on




TROUGH

POLEWARD
WALL ?

FIGURE 4.1 Sample DMSP auroral image illustrating
possible relationship between equator-

ward edge of diffuse aurora and poleward
wall of main ionospheric trough.
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the average, 3% degrees. This separatjon is somewhat larger than
that found in Chapter 2 where long-term auroral statistics were
compared with the "Base-Level Trough".

Below we examine several of the "case study" events in de-
tail. The first event offers the most well-defined examples of
both DMSP and 1ISIS 2 observations among the ten near-simultaneous
events examined. The third event comprises two sets of successive
passes of each satellite. The second case represents a period in
which extensive and co-ordinated observations on several related
phenomena in the night-time ionosphere have been reported [eg.
Whalen et al., 1977; Pike et al., 1977; Weber et al., 1977].
December 21, 1971

DMSP pass at 0605 UT, ISIS 2 pass at 0551 UT,
Kp = 1, AE = 56.

Although the Kp and AE indices indicate near-quiet conditions
(and the most recent substorm had a 500y (AE) intensity and had
completely recovered by 2300 UT on December 20, 1971), examina-
tion of individual magnetograms revealed recurrent magnetic
perturbations between 0520 and 0700 UT at Fort Churchill. The
DMSP image (Figure 4.2) shows quiet auroral arcs apparently em-
bedded in the diffuse aurora whose equatorward edge more or less
closely follows the 68° CGL curve. The DMSP image covers the
magnetic local time range ~ 2300 to 0100 hrs. The ISIS Z .rack
appears close to the left hand edge of the photograph (see Figure
4.4) where the Van Rhijn effect introduces an element of uncer-
tainty into the determination of the diffuse aurora's equator-

ward boundary (¢a). However, in the middle region of the image,

™
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FIGURE 4.2 DMSP image of part of the night side auroral region
in the northern hemisphere recorded about 0605 UT on
December 21, 1971. Geographic coordinates (100 km)
are overlaid.
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foF2 values and TEC data at 0600 UT from the

network shown in Figure 4.3 are presented using
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it is possible to locate the equatorward edge of the diffuse
aurora unambiguously at ¢a = 68° CGL and it is quite unlikely
[Lui and Anger 1973; Akasofu 1974] that the diffuse aurora should
deviate to a significantly different position at 2200 LT.

The ISIS 2 topside electron density data reveals a very well-
defined main trough with -~ 2 MHz foF2 values from .53 to . 53
CGL and a sharp enhancement of ionization (foF2 = 2»3 MHz) at its
poleward wall extending from ‘630 CGL to *650 GGl ., (See Figure
4.4). The ISIS topside electron density results summarized in
Table 4.1 were obtained using the highest latitude resolution
available (\2/30). In Fioure 4.4 and subsequent composite figures,
it was not possible to show such a high latitude resolution in
the foF2 data. As may be seen from the tabulated ISIS data
scalings in Table 4.1, the foot of the poleward wall appears
4.30 and the top 3.6° poleward of the equatorward edge of the
diffuse aurora (as monitored by the DMSP satellite). The accu-
racy of the latitude scalings is 4% for the DMSP images and 110
for the ISIS 2 electron densities. It is clear that the observed
separation between the diffuse aurora (DMSP) and the poleward
wall of the main electron density trough is physically signiti-
cant.

Given the observed N$ at the ISIS sub-satellite location,
we were interested in determining the longitudinal (or local
time) consistency of the separation over the region covered by

the DMSP photograph, and indeed beyond. This is not a simple
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question to answer since no F-region monitoring technique can
provide ISIS-type latitude resolution at points to the east and
west of a given ISIS pass. We turned to the ground-baszd network
of ionosonde sites (via WDC-A) and to the AFGL chain of total
electron content (TEC) observing stations (courtesy of J. A.
Klobuchar) for supporting data to estimate the spatial consis-
tency of the trough's location away from the ISIS longitude.

Figure 4.3 shows the network of 24 ionosondes and the 4 TEC

sites used in the study.
In Figure 4.4, a composite view is presented of the DMSP
auroral boundary in relation to ISIS topside sounder foF2 values,

bottomside foF2 data and satellite beacon observations of TEC

7]

for 0600 UT on 21 December 1971, For this case, the iSIS pass
occurred several degrees to the west of the DMSP field of view.
As shown in Table 4.1, the toot of the trough's poleward wall
(at the ISIS pass longitude) is about 4° equatorward of Yo in
the DMSP photograph. The only ionosonde station furnishing forF2
data within the DMSP field of view (i.e., Churchill) shows foF2=
4MHz, a value consistent with its location within the poleward
wall (as defined by the ISIS data further to the west). For
regions to the east of the DMSP data, a trough in foF2 (at-2MHz)

hl bl
l‘ol/cm‘) appears along the 600CGL line. Thus,

and in TEC (at-3x10
throughout the North American sector, the ionosonde and TEC data
support the local time consistency of A¢-4° within (and several

hours,to the east of) the DMSP field of view. 1In fact, a trough

minimum of foF2 * 2 MHz near 60°CGL may be inferred to go from the
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ISIS sub-satellite track (pre-midnight) to the west European
(pre-dawn) sector.
December 9, 1971

DMSP pass at 0546 UT, ISIS 2 pass at 0612 UT,
Kp = 3- »lo, AE = 119+50

The auroral activity in the midnight sector during this
period has been well-documented by air-borne all sky camera
photographs [Whalen et al, 1977] . The DMSP and ISIS-2 observa-
tions comprising this event were made during a quiet interval
between two substorms that differed greatly in their magnetic
and ionospheric signatures [Whalen et al, 1977] . Figure 4.5
reproduces the DMSP image with an overlay of geographic co-ordi-
nates projected to 100 km altitude. Figure 4.6 is a composite
representation, in corrected geomagnetic co-ordinates, of the
equatorward edge of the diffuse aurora, topside sounder foF2
values along the I1ISIS-2 track, and ground-based foF2 data and
TEC observations from the network of stations depicted in Figure

4.3. The foot of the poleward wall of the trough appears 6.3°
lower in latitude than the equatorward edge of the diffuse (DMSP)

aurora. Along the ISIS sub-satellite track (which in this case
falls within the DMSP field of view) the separation between the
top of the poleward wall and the anroral boundary is found to be
3.3°. The ionosonde stations immediately to the east show foF2=>
SMHz to the north of ¢a and foF2 ~ 2 MHz equatorward of ¢pw'
Looking further to the east, ionosondes poleward of b4 give foF2
in the 5~6 MHz, again typical of poleward wall values, while
sites equatorward of ¢pw show foF2 values more typical of the

trough minimum (i.e., foF2 =~ 2-3 MHz). The trough in TEC has its
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12 el/cm2 consistent with a 2 MHz

minimum near 60°, with 3 x 10
peak. In fixing the trough minimum at =2 MHz near 600, no incon-
sistency is found within the DMSP field of view, and indeed as
far to the east as the western European foF2 stations in the
predawn sector.

The history of the continuous (v diffuse) aurora in the
0000-1200 UT period on December 9, 1971 has been documented by
Whalen et al, [1977] . They find rapid and extensive latitudinal
motions of both the equatorward and poleward boundaries of the
continuous aurora --an observation somewhat at odds with the
relative stability of ditfuse auroras advanced in earlier studies
|Lui and Anger, 1973; Akasofu, 1974] . Note that the differences
between the 'diffuse' aurora (1S1IS-2 scanning photometer) and
the diffuse auroral emissions seen on the DMSP images (4,500 -
11,000 R) may be more significant than commonly assumed.

December 11, 1971: Two sets of consecutive passes
DMSP pass at 0655 UT, ISIS 2 pass at 0725 UT, K., = 0,

AE = 32 > 29; DMSP pass at 0837 UT, ISIS 2 pass'at
0917 UT, K, = 0 > 1, AE = 23 + 38,

Figures 4.7 and 4.8, together with Figures 4.9 and 4.10,
represent two sets of DMSP/ISIS data from successive passes
during an interval of very minor and apparently localized magnetic
activity. Very faint suggestions of magnetic disturbance seen at
N 0930 UT at College and Fort Churchill occur v 13 minutes after
the second of the satellites (ISIS 2) has traversed the night side
auroral latitudes. While the two sets of satellite observations

may be broadly categorized as quiet-time findings, it is also
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clear that magnetic activity was slowly on the ascendancy during
the UT interval under consideration. The response of the equa-
torward edge of the diffuse aurora to increasing magnetic activ-
ity in this instance appears to be a significant poleward migra-
tion: from 67.0°CGL (0655 UT) to 69.2°CGL (0837 UT). It is also
interesting to note that as the equatorward auroral boundary
moves poleward, so does the poleward wall of the trough, and by
about the same amount (See table 4.1).

The trough and its poleward wall are not as well defined in
these two instances as they were in the December 9 and 21 cases.
Table 4.1 summarizes the trough features at the ISIS longitudes,
and Figures 4.8 and 4.10 present "instantaneous" composite plots
of the DMSP/ISIS/ground-based observations. Using a worst-case
approach, the poleward walls may be located at (61.6 - 63.8)0CGL
during the 0725 UT pass and at (63.5 - 66.2) CGL during the 0917
UT pass. Correspondingly, the equatorward edges of the diffuse
aurora (¢a) are (5.4 to 3.2) degrees and (5.7 to 3.0) degrees
respectively, poleward of the trough's poleward wall.

In both cases, the ISIS pass occurred to the west of the

DMSP image. At 7 UT (Fig 4.8), a trough minimum with foF2 < 2 MHz

e e ———————

near 60°CGL at the satellite track, and a poleward wall with

foF2 =~ 3 MHz, appears to be a consistent feature as monitored by
the ionospheric stations within and to the east of the DMSP field
of view. 1In figure 4.10, the 9 UT case shows a remarkable consis-

tency between the trough characteristics to the west and east of
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FIGURE 4.8 North polar view in CGL showing the location of
near-simultaneous ISIS and DMSP satellite data
for 0700 UT on 11 December 1971. Ground-based
foF2 values and TEC data at 0700 UT from the
network shown in Figure 4.3 are presented using
integer values.
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the DMSP photo. The TEC observations from Thule and Narssarssuaq,
coupled to the foF2 values from Narssarssuaq and St. Johns,
support a poleward wall near 70°CGL from the midnight to dawn

sector.

i i M g o o g
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DISCUSSION

On the basis of ten events investigated in this study, the
equatorward edge of the diffuse aurora seen on the DMSP images
is not colocated with the poleward wall of the main electron den-
sity trough. Apart from the observation that the auroral boundary
(DMSP) is always found poleward of the trough boundary, no system-
atic relationship between A¢ and magnetic activity (Kp or AE, for
example) could be found. Of course a much larger statistical
sample than contained in the limited number of case studies used
here is needed to establish whether or not a systematic behavior,
does indeed exist.

The spectral range of the DMSP detector spans the 4,500 ]~
11,000 & range, with maximum sensitivity at v8,000 R; this is not
well-suited for auroral investigations although approximate pro-
portionality between the visible and DMSP range is believed to
exist [Pike and Whalen 1974) . The diffuse glow seen in the DMSP
images may contain contributions not only from the diffuse aurora
[Lui and Anger, 1973; Whalen et al, 1971; Snyder et al, 1974] but
from D-region auroral absorption, unresolved discrete auroras, F-
layer auroras and ground albedo [Whalen et al, 1977] . It is not
possible at this stage to establish detailed physical correspon-
dences between the auroral displays on the DMSP images and particle
precipitations and hence between the optical images and the parti-
cle-generated electron density gradients. Bates et al [1973] have

reported several observations of the electron density maximum
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associated with the poleward wall occurring 1 to 2 degrees equa-
torward of the visual aurora. The equatorward transport of auro-
rally produced plasma may be induced by equatorward neutral winds,
as Bates et al suggests or by E x B drifts--the latter effect
presumably being present to varying extents at all times.

By far the major portion of the ionization produced by pre-
cipitating particles in the auroral energy range is located below
the F-region peak [Rees 1963; Banks et al, 1974; Mantas and
Walker, 1976] and chemical processes rather than vertical diffu-
sion dominate the evolution of particle-generated ionization.

The main trough is customarily characterized at and above the F-
region peak where in-situ production of ionization by soft (= a
few hundred eV) particles maximizes. The particles responsible
for much of the auroral emissions have a harder (1-20 keV) spec-
trum. The diffuse aurora seen on the DMSP images and the pole-
ward wall of the main electron density trough are probably gener-
ated by different classes of precipitating particle populations.

The time-scales involved in auroral emissions and F-region
electron density changes are vastly different. While precipita-
tion, excitation and emission are more-or-less concurrent pro-
cesses, accumulation of ionization needs at least a few tens of
minutes to grow to appreciable magnitudes in the auroral iono-
sphere [Chacko and Mendillo, 1977; Whitekker 1977]). Transient
precipitation events (those that are not steady in time and space
for at least a few tens of minutes) could therefore lead to

auroral emissions to be captured on the DMSP images without an

=~y e

T
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accompanying enhancement of eleétron densities at hmax and above.
Figure 4.11 illustrates schematically the problem of
establishing correspondences among particle precipitations,
auroral emissions and electron densities in the topside ionosphere.
In addition to chemical reactions, vertical diffusion, heating,
E-fields and neutral winds also influence the redistribution of
auroral ionization. Estimates of the strengths of these complex
processes in the auroral ionosphere should contribute to an

explanation of the apparent lack of spatial correlation observed

between DMSP images and topside electron density features.




FIGURE 4.11
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APPENDIX A: h
max

There appears to exist a substantial lack of consistent ob-
servational information regarding the latitudinal variation of
hmax from mid- to high latitudes. There are, however, a few in-
dividual stations at which the local time variation of hma has g

X
been examined closely |[e.g. Thomas and Robbins, 1958] . Co-
ordinated observations along a closely-spaced meridian chain of
stations should, in principle, yield data describing the latitu-
dinal variation of hmax' However, on account of the large number
of parameters on which hmax is known to depend (LT, solar zenith
angle, solar cycle, season, neutral winds, magnetic activity-
heating, E-fields, auroral ionization) observations spanning the
entire range of each of these variables are needed to construct
average profiles of hmax as a function of latitude. No such 4
comprehensive set of observations seems to be available in the |
existing literature.

Figure A-1 shows the latitudinal variation of hmax between
40° and 80° CGL for the "base-level" conditions described in
Chapters 2 and 3. In examining this figure, one should note that
(1) the number of observations on the dayside is much smaller than

that on the nightside, (2) the derived values of hma are gener- 1

X

ally considered to be less reliable than the Nnax values obtained

from foF2 scalings and (3) the observations were made by a top-

side sounder which usually locates hma up to a few tens of km

X

higher than a bottomside sounder. (4
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The most striking feature of Figure A-1 is perhaps the near-
convergence of the two hmax curves at higher latitudes to a com
mon value of 300-310 km between v67° and 80° CGL. At midlati-
tudes, the noontime hmax value of ~250 km is 110 km lower than
the midnight level of ~360 km. This value of Ahmax is comparable
to the 100 km diurnal variation commonly quoted (Rishbeth and
Garriott, 1969). The convergence to a common level at high lati-
tudes is achieved by lowering on the nightside and raising on the
dayside of hmax levels by equal amounts of 50 km. This transition
occurs between +55° and 65° CGL at both noon and midnight. Note
that this CGL range encompasses the minimum of the main electron
density trough on the nightside and the solar-zenith-angle con-
trolled rapid drop in electron density on the dayside [Mendillo
and Chacko, 1977; Chacko and Mendillo 1977; see Chapters 2 and 3] .

If the functional relationship of hmax with the various var-
iables on which it depends can be established, either from model
calculations or empirically, the base-level hmax behavior shown
in Figure A-1 can be used to generate estimated hmax variations
under other conditions. Figure A-2 shows the latitudinal behavior
of hmax under geophysical conditions similar to those pertaining
to Figure A-1, except for a higher mean Kp value of 3.5. Note
that the noon hmax pattern remains essentially unaltered up to
~70° CGL, beyond which the values continue to rise. Near mid-
night, however, an enhancement of Ké from 0.5 to 3.5 results in a

raising of the hma level by ~20 km at midlatitudes.

X
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APPENDIX B: THE TROUGH DURING DISTURBED PERIODS.

Figure B-1 shows the counterpart of Figure 2.4 for a Kp

value of 3.5. Eleven satellite passes between December 6 and 27,

1971 contributed to this average trough pattern near local mid-

night during disturbed periods in the middle of winter. Table B-1

lists the co-ordinates of the breakpoints which may be used to
generate the disturbed-period trough pattern shown in Figure B-1l.

The pattern at 450 km may be taken as the description of charac-

teristic features of the disturbed trough near hmax‘ Note that

at topside heights the trough minimum shows, assuming linearity)

the following KP- dependence: AT = 60.5 - 1.67 Kp.

ik
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